The kinetics of the oxidation of H 2 on PtRu/C gas-diffusion electrode was studied by interfacing the electrode with aqueous electrolytes at different pH values. The conducting electrolytes were KOH and HClO 4 aqueous solutions with different concentrations. It is shown that the nature of the aqueous electrolyte plays the role of an active catalyst support for the PtRu/C electrode which drastically affects its catalytic properties. During the aforementioned interaction, termed electrochemical metal support interaction (EMSI), the electrochemical potential of the electrons at the catalyst Fermi level is equalised with the electrochemical potential of the solvated electron in the aqueous electrolyte. The electrochemical experiments carried out at various pH values showed that the electrochemical promotion catalysis (EPOC) is more intense when the catalyst-electrode is interfaced with electrolytes with high pH values where the OH -ionic conduction prevails. It was concluded that similar to the solid state electrochemical systems EPOC proceeds through the formation of a polar adsorbed promoting layer of − δ ad OH , electrochemically supplied by the OH -species, at the three phase boundaries of the gas exposed gas diffusion catalyst-electrode surface.
who demonstrated the non faradaic behaviour of hydrogen evolution reaction during the electrochemical oxidation of aldehydes on Ib metals at room temperature. In the case of a copper electrode, they have achieved a current efficiency of 260 %. Neophytides et al. found that positive current application enhances the catalytic rate of H 2 oxidation on Pt-graphite electrodes immersed in alkaline media with Faradaic efficiency Λ values up to 10 while a five-fold enhancement in the catalytic reaction rate was observed [3, 4] . The production of ammonium polysulfide can be achieved electrochemically in a cell that comprises a smooth nickel-steel plate as the anode, a metal-grid made of nickel coated with carbon particles as the cathode and aqueous ammonium sulfide solution as the electrolyte [5] . The measured Λ value was up to 4.4. The hydrogenation reaction of maleic acid catalysed by platinized platinum [6] constitutes the first demonstration of EPOC effect in acidic electrolyte. The promotion effect, which occurred only in a perchloric acid solution, is enhanced with the catalysts potential increase and Λ value tends to infinity. The authors mentioned the absence of a pro-motion effect in sulfuric and chloride acid, which can be associated to the strongly adsorbed anions of − 4 HSO , and Cl -at the interface.
In the present study, the electrochemical promotion of the catalytic hydrogen oxidation was studied on PtRu/C gas diffusion electrodes typically used in fuel cells. The main advantage of such type of electrodes is their ability to form a three phase boundary between the catalyst particles, the electrolyte and the gaseous reactants. In this respect the interface has many similarities with the three phase boundaries of the solid state electrochemical systems. The current work focuses on the role of pH of the electrolyte on the open circuit catalytic and EPOC behaviour of the H 2 oxidation reaction thus discussing and introducing the term of electrochemical metal support interactions (EMSI) in catalysis.
EXPERIMENTAL
The experimental setup includes the flow gas system, the electrochemical/catalytic reactor connected to an electrochemical interface (potentiostat/galvanostat) and the analysis unit composed of a gas chromatograph. Detailed description of the experimental setup and of the electrochemical/catalytic reactor is given in reference [4] . The reactants and products gas samples were analysed by a Varian CP--3380 gas chromatograph (GC) equipped with a packed carbosieve column (6 ftх1/8˝) for the analysis of H 2 and O 2 .
The intrinsic catalytic reaction rate was obtained at H 2 conversions below 20 %, while mass transfer limitations were avoided by maintaining the total flow rate in the range from 200 to 300 ml min -1 .
The working electrodes are commercially available gas diffusion electrodes provided by E-Tek. The catalyst contains 30 wt. % platinum and ruthenium supported on Vulcan XC 72 at metal atomic ratio 1:1. The total metal loading on the gas diffusion electrode is up to 5.0 g m -2 . The total active surface area of the PtRu metal particles was measured by H 2 chemisorption experiments by the use a Quantachrome Autosorb 1 and it was found 10.6 m 2 g -1 . The total H 2 uptake on the gas diffusion electrode corresponds to 0.22 µmol cm -2 . The working electrode was mounted on a plexiglas holder which permitted the exposure of the one side of the electrode to the gaseous H 2 /O 2 /He reaction mixture while the catalytic side was interfaced with the electrolyte. The reaction mixture was introduced in the gas exposed side of the electrode-holder assembly by means of a glass tube. It was thereafter flowing through the porous electrode and sparged through the solution toward the reactor's exit. The geometric area of the electrode exposed to the electrolyte was 4.9 cm 2 . The counter electrode was a platinum wire (0.5 mm in diameter), while the hydrogen reference electrode, immersed in the same working solution, is connected via the Luggin capillary to the working electrode.
The pH of the working electrolyte was varied by controlling the KOH and HClO 4 concentrations in the aqueous solutions. All measurements were performed at room temperature.
All the electrochemical measurements were carried out using EG&G Princeton potensiostat/galvanostat, model 263A. Electrochemical impedance spectroscopy was performed using the potensiostat combined with a frequency response analyzer EG&G Princeton 1025. The a.c. frequency range was from 350 Hz to 2.0 mHz either at open circuit or imposed potentials. The potential amplitude was 10-20 mV. Before each measurement the electrode remained polarized for almost 5 min.
RESULTS AND DISCUSSION

Kinetic measurements under various pH electrolytic solutions
The behavior of the H 2 oxidation reaction on PtRu/C gas diffusion electrode was studied at room temperature and constant H 2 partial pressure (p H 2 = = 1.0 kPa) with respect to O 2 partial pressure (p O 2 ). The electrode was immersed in KOH/HClO 4 aqueous solutions under various pH values ranging between 2 and 13. It must be mentioned that due to the slow hydration of the gas diffusion electrode the catalytic rate was attenuated until a steady state value is reached. The experimental data are presented in Fig. 1 . As it is evidently shown, the electrolyte affects significantly the kinetics and the catalytic reaction rate of the H 2 oxidation reaction. The lower reaction rates are observed when the electrode/catalyst is immersed in alkaline solutions while the highest catalytic activity is achieved with acidic solutions (pH 2). Beyond the enhancement in the catalyst activity, it is worth noticing that the location of the maximum in the catalytic rate is shifted towards higher p O 2 values. In addition, for the case of alkaline solutions, the rate is almost zero at p O 2 values higher than 2.0 kPa. The volcano shape of the kinetic curves of Fig. 1 The kinetic behavior of the electrode immersed in millipore water and in a neutralized KOH/HClO 4 solution (pH 6.5) are located in between the graphs representing the alkaline (pH 9 and 13) and acidic (pH 2 and 4) solutions exhibiting equal maximum reaction rates. This is a strong indication that the concentration of K + and
ClO at the electrode/electrolyte interface does not affect the catalytic process.
The aforementioned experimental evidence ( respectively. This is rational since these ionic species do not interact with the catalyst/electrode surface only through the structure of the electrochemical double layer (as it is the case of the counterions K + and
ClO ) but also through the following equilibrium charge transfer reactions:
where S represents free catalyst's surface sites. The relationship between the ions concentrations (c H +, c OH -) in the solution, their coverage on the electrode surface (θ Η , θ ΟΗ , θ s ) and the equilibrium inner potential difference ( e φ ∆ ) that is being developed along the electrode/electrolyte interface can be expressed through the Butler-Volmer equation: The mechanism of the H 2 oxidation reaction can be expressed qualitatively according to Langmuir-Hinshelwood considerations regarding the equilibrium adsorption of O 2 and H 2 and the reaction between O ad and H ad as the rate limiting step [4] . According to recent experimental results and theoretical calculations [7, 8] , OH ad formation is favoured through reaction step (5e) indicating the autocatalytic effect of water for the hydrogen oxidation reaction especially at low temperatures.
The catalytic reaction is represented by the following reaction sequence:
Since H 2 and O 2 adsorption (reactions (5a) and (5b) are considered to be in equilibrium the surface coverages (θ Η , θ Ο ) can be expressed in terms of O 2 and H 2 partial pressures (p O 2 , p H 2 ) according to Eqs.
(6) and (7):
where K H , K O and K W are the equilibrium constants for the reactions (5a), (5b) and (5e), respectively. By combining and proceeding to algebraic rearrangements of Eqs. (3)- (8), two equations are derived (Eqs. (9) and (10)), which express the effect of partial pressures and ion concentrations on the equilibrium inner potential difference ( e φ ∆ ) of the electrode/electrolyte interface for the acidic and alkaline electrolytes respecttively: If similar analysis is applied for the case of OH -species, and it is evident that the opposite effect is expected for the PtRu/C electrode interfaces in alkaline solutions according to Eq. (10). Although the oxygen electrode is not considered as a reversible electrode due to the competitive electron transfer reactions and the development of mixed potential [10] , the conclusions derived by the aforementioned analysis can be, however, qualitatively valid.
According to the analysis presented above (Eqs. (1)-(12) ), the effect of electrolyte on the catalytic properties of the PtRu surface can be realized through the electrochemical equilibrium reaction at the catalyst-electrode/electrolyte interface by specifically-reacting ionic species in the solution (like OH -and H + ), which can interact with the electrode surface through the charge transfer reactions (1) and (2) . Though these equilibrium charge transfer reactions do not participate kinetically in the net reaction rate of the catalytic reaction of H 2 oxidation, they can, however, modify the surface potential and work function and thus the catalytic properties of the PtRu surface.
The electrochemical equilibrium at the catalyst--electrode/solution interface demands the electrochemical potential of the electrons at the metal and in the solution to be equal [10, 11] :
This electronic interaction between the aqueous (alkaline or acidic) electrolyte or the solid electrolytes (O 2-conductors) [12] with the metal particles and the equalization of their Fermi levels can be considered as an equilibrium process which is substantiated through an equilibrium charge transfer electrochemical reaction which takes place at the three phase boundaries. In this respect, this type of metal support interactions can be termed as electrochemical metal support interactions (EMSI).
Electrochemical promotion experiments
Typical electrochemical promotion kinetic experiments were carried out by interfacing a PtRu/C gas diffusion electrode with 0.10 M KOH aqueous solution at open circuit and at two constantly applied electrode/catalyst potentials as depicted in Fig. 2 . (14) and it correlates the change in the catalytic reaction rate of the gas phase O (∆r O ) consumption to the electrochemical supply of OH -(I/2F) onto the catalyst/electrode surface. As it is well known, the effect of the electrochemical promotion appears for Λ ≠ 1. The rate enhancement ratio (Fig. 2b) (15) and it quantifies the promotional effect in the catalytic activity. The parameters Λ and ρ reported in reference [4] were found around 10 and 3, respectively, i.e., significantly below the values shown in Fig. 2b . The high rate enhancement values, ρ ≈ 35, were obtained at high p O 2 values, where the open circuit catalytic rate is almost zero. In fact, the application of positive potential induces the activation of an almost non--active catalyst, thus achieving the aforementioned high enhancement ratios. It must be mentioned that the complete deactivation of the electrode at high p O 2 values is characteristic feature of PtRu/C but not Pt/C [3] . This can be attributed to the effect of Ru which is known to induce the formation of OH ad species at electrode potentials around 200 mV negative than on Pt [13] . This indicates that oxidic species (O ad , OH ad ) have high affinity for the PtRu surface so that high coverage is being developed, thus resulting in the in- Fig. 2a , the reaction rate decreases especially in the negative order branch of the kinetic curve. The electrochemically induced changes in the catalytic activity were attributed to the induced alterations in the catalyst work function upon polarization of the electrode/electrolyte interface [4] . Thus, positive polarization of the interface causes the increase of the PtRu surface work function, which results in the decrease of the bond strength of O 2 with the catalyst surface according to the theoretical aspects of the electrochemical promotion in catalysis. In this respect, the reactivity of O ad is considerably increased and the reaction rate consequently. In order to get a deeper insight into the origin of surface polarization and the spillover species that induce these changes in the catalytic activity in aqueous electrolyte interfaces, we carried out kinetic and electrochemical promotion experiments at various pH values.
Electrochemical promotion with varying pH
The electrochemical promotion effect of the PtRu/C catalyst-electrode was tested by interfacing the catalyst-electrode with aqueous solutions with varying pH. Figure 3 depicts the variation of the faradaic efficiency, Λ, and the rate enhancement ratio, ρ, with increasing p O 2 in various solutions with pH values ranging between 9 and 4. Electrochemical promotion is more intense in alkaline solution while in acidic solution (pH 2) there is almost no promotional effect in the catalytic reaction rate. This can be attributed to the significantly lower polarization resistance of the acidic interface, which is by an order of magnitude less than the corresponding polarization resistance in alkaline solution, as depicted by the ac impedance spectra in Fig. 4 . In order to correlate polarization resistance, R p , to the Tafel slope, b, it is convenient to write the linea- where α an is the anodic transfer coefficient and b (V dec -1 ) is the Tafel slope [14] . The ratio ∂η/∂i has dimensions of resistance and represents the polarization resistance, R p , of the interface. This is evaluated directly from the high and low frequency intersects of the Nyquist ac impedance plots. Figure 5 shows the linear plot of R p vs. 1/i and its slope corresponds to the Tafel slope, b (Eq. (16)). The calculated Tafel slopes are 118 and 10 mV dec -1 for the alkaline (pH 9) and acidic (pH 2) solutions, respectively. The former Tafel slope of 118mV dec -1 is usual for the hydrogen oxidation reaction on Pt in alkaline solutions [15, 16] , while the latter low Tafel oxidation reaction is determined by the H 2 dissociation processes [15] . In the light of the this consideration the large interfacial region achieved by the gas diffusion electrodes may result to even faster charge transfer reactions in comparison to the catalytic dissociation of H 2 on the electrode surface. It is well established through EPOC literature that the electrochemical modification of catalytic activity is induced at highly polarizable electrode/electrolyte interfaces irrespective of the used electrolyte. The polarizability of the interface was shown to be directly related to the modification of the electronic properties of the catalyst surface. Although the interfacial structure in the case of aqueous electrolytes looks different from the solid state electrode/electrolyte interface, the use of gas diffusion electrode structures, however, allows the development of three phase boundaries, which exhibits similarities to the corresponding three phase boundary of the solid state interface. This is confined at the coexistence of gas-exposed catalyst surface, onto which the catalytic oxidation of H 2 takes place, and the electrolyte-exposed catalyst-electrode surface through which the charge transfer reactions are substantiated [4] .
These ionic species would strongly adsorb on the catalytic surface, forming strong and stable dipoles with the catalytic surface thus inducing significant alterations in the work function (∆Φ W ) of the surface equal to the changes of the electrochemical polarization potential of the electrode/electrolyte interface (∆V WR ) according to Eq. (17): e∆V WR = ∆Φ W (17) On the basis of the aforementioned considerations the origin of the electrochemical promotion is directly connected to the formation of strong ionic dipoles (chemisorbed ionic species) on the gas-exposed catalytic surface, which are supplied electrochemically through the electrochemical interface and spill over on the gas-exposed catalytic surface. One of the main prerequisites for the electrochemical promotion in catalysis is the reduced reactivity of the strongly adsorbed promoting ionic species with the reaction intermediates. Thus, the promoting ionic species can be potentially created through reaction (2), which is describing the overall prevailing electrochemical process in alkaline solutions. In this respect, the following reaction scheme can be realized upon application of positive current:
Thus, the supply of OH -will initially result in the formation of − δ ad OH (reaction (18a)), which can be considered as an intermediate that forms polar bond with the catalytic surface, inducing the strong polarization of the catalyst surface. The lifetime of this species must be long enough so that it can be diffused (spill over) on the gas exposed catalytic surface. Further on we can consider its transformation into normally adsorbed OH ad species (reaction (18b)), which readily react on the Pt surface towards the formation of H 2 O and adsorbed O ad .
However, in the case of acidic solution the prevailing charge transfer reaction is the oxidation of adsorbed H ad species for the production of H + at the three phase boundaries, which is transferred from the electrode to the solution:
where the polarization of the catalyst-electrode surface due to the spill over of adsorbed ionic species is considered negligible.
Though the EMSI effect is related to the electrochemical equilibrium charge transfer reactions between the metal catalyst particles and the ionic support, EPOC in catalysis is substantiated through the formation of the so-called active double layer on the gas-exposed catalytic surface. This was thoroughly investigated and concluded by several electrochemical promotion studies in catalysis, which involved mainly solid state catalyst-electrode/electrolyte interfaces, e.g. Pt/YSZ [1] . In the present case the gas diffusion catalyst-electrode is partly covered by the aqueous electrolyte, facing the inner Helmholtz plane, while significant portion of the electrode is exposed to the gas phase H 2 /O 2 reaction mixture where the catalytic oxidation of H 2 takes place. The concept of the three phase boundaries can be realized in the present case at the boundaries where the electrode meets both the gas phase and the aqueous electrolyte. The promotional effect on the catalytic activity can be realized only through the formation of promoting species onto the gas exposed catalytic surface. In this respect as mentioned above the − δ ad OH species which is created by the charge transfer reaction (19a) at the electrode/electrolyte interface can thereafter diffuse onto the gas exposed catalyst-electrode thus inducing signifycant changes on surface potential and work function. According to the electrochemical promotion theory, this causes significant modifications on the bonding strength and adsorption energies of the reacting species thus affecting the reactivity between them.
CONCLUSIONS
The oxidation rate of H 2 on PtRu/C catalyst-electrode can be significantly affected either by controlling the pH of the aqueous electrolyte or by electrochemically polarizing the electrolyte/electrode interface.
In the first case the effect termed electrochemical metal support interaction (EMSI) can be considered as a general metal support interaction phenomenon, which is operable when the catalyst support has ion-conducting properties and when it is substantiated through the establishment of equilibrium charge transfer reaction at the catalyst/support interface.
In the second case, the well-known electrochemical promotion experiments, carried out at various pH values, showed that the electrochemical promotion of the catalytic activity is more intense when catalyst--electrode is interfaced to electrolytes with high pH values, where the OH -conduction prevails. It was concluded that, similar to the solid state electrochemical systems, the non-Faradaic electrochemical modification of the catalytic activity proceeds through the formation of a polar adsorbed promoting layer of − δ ad OH , electrochemically supplied by the OH -species, at the three-phase boundaries of the gas-exposed gas diffusion catalyst-electrode surface.
